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The construction of Co(II)-amino acid complexes (L-histidine, L-cysteine, L-tyrosine) among the layers of
CaAl-layered double hydroxide was attempted. The stepwise intercalation (introducing the anionic form
of the amino acid ﬁrst, then constructing the Co(II) complex) proved to be unsuccessful, while the direct
ion exchange of the anionic form of the separately prepared complex provided with the Co(II) complex
intercalated substances. The success of the intercalation was veriﬁed by X-ray diffractometry. The
resulting composite materials were structurally characterized by a range of instrumental methods like
UVevis, inductively coupled plasmaeoptical emission, mid-range as well as far infrared spectroscopies
and scanning electron microscopy.
© 2018 Elsevier B.V. All rights reserved.1. Introduction
In recent years, layered double hydroxides (LDHs) have been
receiving increased attention in many groups working in diverse
ﬁelds [1e5]. Signiﬁcant progress in the synthesis of LDHs with new
compositions and morphologies was made [6e10]. These materials
have fascinating properties, such as the ease of preparation, ability
to intercalate various anions, tendency to protect intercalated an-
ions from physicochemical degradation and controlled release of
intercalated anions [11], etc. Layered double hydroxides have ver-
satile applications in wide range of areas including catalysis
[12e14], photochemistry [15e17], electrochemistry [18,19],
biomedicine [1,20], magnetization [21] and environmental pro-
tection [22].
The use of layered inorganic solids as frameworks for the con-
struction of inorganic-organic host-guest supramolecular struc-
tures is of increasing interest. A particular class of LDHs is the one,
in which the interlayer anion is an organic molecule in anionic
form. Organic anions intercalated into the inorganic host structuresemistry, University of Szeged, Dom
nko).of LDHs are considered to be a class of inorganic-organic hybrid
compounds [23]. The properties of such LDHs, their characteriza-
tion and applications were reviewed recently, in particular, their
use as additives in polymers, precursors to magnetic materials, and
in biology and medicine [24].
In the experimental work leading to this contribution,
inorganiceorganic hybrid materials were synthesized, in which the
host material was CaAl-LDH, and the guest anions were the Co(II)
complexes of L-histidine, L-tyrosine or L-cysteine, in anionic form.
The substances obtained were characterized by various instru-
mental methods. To the best of our knowledge, substances like
these have never been the subject of experimental scrutiny before.
Moreover, this work can be considered to be the extension of a
previous work, in which Co(II)-amino acid complexes using the
same amino acids as in this contribution, but in C-protected form,
were anchored to modiﬁed silica gel [25]. In the original consid-
erations these amino acids were chosen because they often occur
around the metal ion sites in various metalloenzymes like super-
oxide dismutase, etc. [26].ter 8, Szeged, H-6720, Hungary.
Fig. 1. XRD patterns of: A: CaAl-LDH, B: CaAleCo(II)-HiseLDH, C: CaAleCo(II)-
CyseLDH, D: CaAleCo(II)-TyreLDH. Synthesis parameters: pH¼ 9.0, amino acid:-
Co(II)¼ 4.0, aqueous ethanol.
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2.1. Synthesis methods and materials
The LDH host containing chloride as charge-compensating
anion among the layers was prepared by the co-precipitation
method. The synthesis procedure was as follows: a mixture of
CaCl2 6H2O (30mmol) and AlCl3 6H2O (15mmol) was dissolved
in 100ml of distilled water, and was stirred at pH¼ 13 for 12 h. The
suspension was ﬁltered and dried for 24 h.
For constructing the Co-amino acid anions among the layers,
two methods were used, similarly to those of the Cu(II)-amino acid
anionCaAl-LDH, published recently [27]. In Method 1, the amino
acid anions were intercalated ﬁrst, and it was followed by the
introduction of the Co2þ anions in solution. In the ﬁrst step,
2.5 103mol of L-cysteine, L-histidine or L-tyrosine were used for
the intercalation. The cobalt ions were introduced in the solvent in
various amounts (the molar ratio of the cobalt ion to amino acid
was altered from 1:2 to 1:8). In order to identify the optimum
conditions, the solvents (aqueous ethanol, aqueous acetone or
water) and the pH (from 8.0 to 10.0) were also varied. The desig-
nation of composites prepared by Method 1 will be CaAlCo(II)-
amino acid anionLDH. In Method 2, the Co(II)-amino acid com-
plexes were prepared separately applying the same cobalt ion to
ligand ratios, solutions and pH values as in Method 1. Then, the
solution containing the complex was used for the intercalation. The
designation of the composites prepared byMethod 2 will be Co(II)-
amino acid anionCaAl-LDH.
All synthetic operations were performed under N2 protecting
gas to exclude airborne CO2 reacting with the water content of the
LDH forming carbonate ion, which readily intercalates inhibiting
the introduction of any other anion [28]. The samples prepared by
either methods were washed with the solvent used for prolonged
time in order to remove physisorbed moieties form the outer sur-
face of the LDH.
CoCl2 6H2O, L-histidine, L-cysteine and L-tyrosine were used as
reactants during the trials. All the applied compounds were
analytical grade products from Sigma-Aldrich, and they were used
as received.
2.2. Characterization techniques
Powder X-ray diffraction (XRD) patterns were recorded by a
Rigaku (Japan) XRD-6000 diffractometer using CuKa radiation
(l¼ 0.15418 nm) at 40 kV and 30mA in the 2Q¼ 3e40 (or 60)o
range. Reﬂection positions were determined via ﬁtting a Gaussian
function. They were found to be reproducible within 0.05, there-
fore the uncertainty of the basal spacingwas estimated to be ±0.1 Å.
The morphologies of the samples were investigated using a
scanning electron microscope (SEM, Hitachi S-4700, Japan) with
accelerating voltage of 10e18 kV. The samples were ground before
ﬁxing them on a double-sided adhesive carbon tape. They were
coated with gold in order to obtain images with better contrast
using a sputter coater (Quorum Technologies SC7620).
Attenuated total reﬂection infrared (ATReIR) spectra were
recorded using a BIO-RAD (USA) Digilab Division FTS-65A/896 FT-IR
spectrophotometer with 4 cm1 resolution. The 4000e600 cm1
wavenumber range was recorded, but the most relevant
1850e600 cm1 range is displayed and discussed. 256 scans were
collected for each spectrum.
For the identiﬁcation of CoeO(S and/or N) vibrations, far IR
spectra were recorded with a BIO-RAD (USA) Digilab Division FTS-
40 vacuum FT-IR spectrophotometer (4 cm1 resolution, 256
scans). The Nujol mull technique was used between two poly-
ethylene windows (the suspension of 10mg sample and a drop ofNujol mull). Assignations were performed on the basis of an earlier
article [29].
The amount of metal ions between the layers wasmeasured by a
Thermo's IRIS (USA) Intrepid II (OES) inductively coupled plasma
optical emission (ICPeOES) spectrometer. Before measurements,
few milligrams of the intercalated complexes measured by
analytical accuracy were digested in 1 cm3 of cc. H2SO4; then, they
were diluted with distilled water to 50 cm3 and ﬁltered.
UVevis spectroscopy was used for the quantitative analysis of
amino acids at the wavelengths speciﬁc for the amino acid
measured (L-cysteine: 231 nm, L-histidine: 210.5 nm and L-tyrosine:
273.5 nm). The members of the calibration series as well as the
unknown samples were measured on a Shimadzu (Japan) UV-1650
spectrophotometer.
3. Results and discussion
3.1. Syntheses of the composites with method 1
When the construction of the Co(II)-amino acid complexes
among the layers of CaAl-LDH was attempted by Method 1, the
interlayer distance did not change as was attested by the X-ray
patterns (Fig. 1). Consequently, no complexation occurred among
the layers. Unfortunately, varying the reaction parameters did not
help in this respect.
3.2. Syntheses of the composites with method 2
Increase in the interlayer distances was detected when the
ready-made complexes were intercalated (Method 2 e Fig. 2). In all
cases, the 001 and 002 characteristic reﬂections of the LDH
(indexed using card #41-0219 of the Joint Committee of Powder
Diffraction Standards [JCPDS] database) shifted to lower 2q values
indicating the increase of the interlayer distance. The original
0.776 nm basal spacing increased to 0.851 nmwhen the tyrosinate-
containing and 1.091 nm when the histidinate- or the cysteinate-
containing complexes were intercalated. It has to be noted that
full intercalation only occurred with the anionic form of the Co(II)-
tyrosinate complex. For the other two complex anions, the inter-
calation only took place partially.
The host structure was not destroyed, attested by the SEM im-
ages bearing the morphological characteristics of the LDH, i.e.
hexagonal, plate-like features are displayed after the intercalation
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Fig. 2. XRD patterns of: A: CaAl-LDH, B: Co(II)-HiseCaAl-LDH, C: Co(II)-CyseCaAl-LDH,
D: Co(II)-TyreCaAl-LDH. Synthesis parameters: pH¼ 9.0, amino acid:Co(II)¼ 4.0,
aqueous ethanol.
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Fig. 4. XRD patterns of A: Na-histidinate; B: Na-cysteinate; C: Na-tyrosinate.
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As it is seen in Fig. 4, the crystalline sodium salts of the amino
acid ligands have some sharp intense reﬂections; however, they are
limited to the high 2Q range. On the contrary, the intense peaks of
LDH composites can be found in the lower 2Q range. Accordingly,
the reﬂections at low angle for the histidine- and cysteine-
containing composites belong to a new phase, to the LDH with
higher interlayer space. The diffractograms of these two composites
illustrate the staging phenomenon [29], because the original phaseA
C
Fig. 3. SEM images of A: CaAl-LDH, B: Co(II)-HiseCaAl-LDH, C: Co(II)-CyseCaAl-LDH, D: C
ethanol.(with original interlayer distance) also remained after ion
exchange.
The comparison of the ATReIR spectra of the composites (traces
B-D, Fig. 5)) to that of the pristine LDH (trace A, Fig. 5) revealed the
presence of the organic material in the LDH. Unfortunately, only the
existence of the organic material is proven, one does not have in-
formation about its position, since via the ATR accessory, thought to
be a surface-sensitive tool, one gets information from the inside of
the layered structure as well.B
D
o(II)-TyreCaAl-LDH. Synthesis parameters: pH¼ 9.0, amino acid:Co(II)¼ 4.0, aqueous
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Fig. 5. ATReIR spectra of A: CaAl-LDH, B: Co(II)-HiseCaAl-LDH, C: Co(II)-CyseCaAl-LDH, D: Co(II)-TyreCaAl-LDH. Synthesis parameters: pH¼ 9.0, amino acid:Co(II)¼ 4.0, aqueous
ethanol.
Table 1
Quantitative analytical data of the intercalants in the LDH composites.
CaAl-LDH
composites
Amino acid
(mol/g LDH)
Co(II)
(mol/g LDH)
Amino
acid/Co(II)
G. Varga et al. / Journal of Molecular Structure 1179 (2019) 263e268266Comparing the IR spectra of Na-salts (Fig. 6) with spectra of the
composites (Fig. 5), it can be observed that the carboxylate vibra-
tions were signiﬁcantly shifted as the result of the interaction with
the LDH layer.Co(II)-Cys 1.63 103 7.0 104 2.3
Co(II)-His 3.03 103 1.43 103 2.1
Co(II)-Tyr 2.30 103 1.10 103 2.13.3. Characterization of the guest complexes
The results of the quantitative analysis of the intercalated
complexes are collected in Table 1. The quantities of the Co(II) ions
and those of the amino acids were measured by ICPeOES and
UVevis spectroscopies as was described in the last two paragraphs
of the Experimental section. It is clear that the nominal ratio of1800 1600 1400 1200 1000 800 600
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Fig. 6. ATR-IR spectra of A: Na-histidinate; B: Na-cysteinate; C: Na-tyrosinate.cobalt to amino acids (1:4) decreased to the ratio close to 1:2. This
ﬁnding indicates that the anions acted as bidentate ligands. Since
the Co(II) ions were octahedrally coordinated in the complexes, the
remaining two coordination sites should be ﬁlled by water mole-
cules, abundant in the interlayer space of any LDH.
Co(II)ecoordinating atom interactions can be directly detected
in the far IR region. The identiﬁcation of vibrations was performed
with the aid of a correlation table (Table 2) based on the data
published recently [30]. In the experimental work leading to the
cited paper, purpose-made complexes were synthesized with li-
gands having only one type of coordination possibilities. The
registered far IR spectra allowed the assignation of the metal
ioneligand atom vibrations, thus, a correlation table could be
constructed.
Spectra of the pure LDH and the composites are shown in Fig. 7.Table 2
The assignation table of far IR bands for the Co(II)-amino acid
complexes.
Vibrations Band position (cm1)
Co(II)eNamino 370, 280
Co(II)eNimidazolate 220
Co(II)eSthiolate 358
Co(II)eOcarboxylate 390,355
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Fig. 7. Far IR spectra of: A: CaAl-LDH, B: Co(II)-HiseCaAl-LDH, C: Co(II)-TyreCaAl-LDH, D: Co(II)-CyseCaAl-LDH.
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evaluation. It can be done, because they were always present, since
the LDH layers were not inﬂuenced by the intercalated species.
Similar new vibrations appear around 391 cm1 in the spectra of
Co(II)-CyseCaAl-LDH and Co(II)-HiseCaAl-LDH. This band is
assigned to Co(II)eOcarboxylate vibration. This vibration could not be
found in the spectrum of the tyrosinate-containing composite
spectrum. In this composite, the amino nitrogen should take place
in the coordination (vibration at 278 cm1). Probably, the phenolate
oxygen is also a player in the coordination indicated by the
appearance of a new vibration at 367 cm1; nevertheless, previ-
ously published literature data are not available.
The vibration observed at 220 cm1 in the spectrum of Co(II)-
HiseCaAl-LDH conﬁrmed the presence of Co(II)eNimidazolate
bonding. Assuming the participation of the thiolate group andFig. 8. Visualisation of a possible arrangement of the anionic intercalated Co(II)-Tyr
complex among the layers of CaAl-LDH.water molecules in forming the intercalated complex [31,32] and
the above data, the following coordination spheres may be
suggested:
Co(II)-HiseCaAl-LDH:
NimidazolateOcarboxylateNimidazolateOcarboxylateH2OH2O
Co(II)-TyreCaAl-LDH: OphenolateNaminoOphenolateNaminoH2OH2O
Co(II)-CyseCaAl-LDH:
SthiolateOcarboxylateSthiolateOcarboxylateH2OH2O.
Only for visualisation, since bond distances in the intercalated
complex are not available, a possible arrangement for the fully
intercalated Co(II)-TyreCaAl-LDH is depicted in Fig. 8.
4. Conclusions
Co(II)-amino acid (L-histidine, L-tyrosine, L-cysteine) complexes
could be intercalated among the layers of CaAl-LDH by the direct
introduction of the anionic forms of the separately prepared
complexes.
It was found that the amino acid anions acted as bidentate li-
gands occupying four coordination sites, which were identiﬁed as
Nimidazolate, Ocarboxylate, Namino and Ophenolate and assumed as Sthiolate.
The remaining two sites were ﬁlled by water molecules being
abundant in any LDH structure.
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